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We study charge transport through a topological superconductor with a pair of Majorana end
states, coupled to leads via quantum dots with resonant levels. The non-locality of the Majorana
bound states opens the possibility of crossed Andreev reflection with nonlocal shot noise, due to
the injection of an electron into one end of the superconductor followed by the emission of a hole
at the other end. In the space of energies of the two resonant quantum dot levels, we find a four
peaked clover-like pattern for the strength of noise due to crossed Andreev reflection, distinct from
the single ellipsoidal peak found in the absence of Majorana bound states.
PACS numbers: 03.75.Lm, 74.45.+c, 74.78.Na, 73.21.-b
Majorana bound states (MBSs) are zero-energy
fermionic states which are their own anti-particles. Since
quasi-particles (QPs) in superconductors (SCs) are al-
ways superpositions of electron and hole components, the
Majorana criterion can be realized in a peculiar way: a
zero-energy QP in a SC has equal contributions from
electrons and holes, and hence an exchange of electron
and hole components leaves the QP invariant. There is
currently much interest in the physics of MBSs1–8, since
one pair of MBSs nonlocally encodes a qubit, which is
the building block for fault-tolerant topological quantum
computing architectures9,10.
There is a variety of candidate systems for realizing
Majorana fermions. Early proposals considered time-
reversal symmetry broken p-wave SCs with the candi-
date Sr2RuO4
11. Recently, the SC proximity effect has
been suggested as a way to effectively induce p-wave
pairing in topological insulators12 and semiconductors
with strong Rashba spin-orbit coupling13–16. Recent ex-
periments reported evidence of MBSs in semiconductor-
superconductor heterostructures1–5. A possible probe for
the nonlocal nature of MBSs is crossed Andreev reflec-
tion (CAR), the conversion of an incoming electron into
an outgoing hole in a different lead17–22, in contrast to
local Andreev reflection (LAR), where electron and hole
reside in the same lead. It has been shown theoretically
that at sufficiently low voltages and small level width,
CAR by the pair of MBS dominates transport23–29. For
voltages larger than the MBS energy splitting M how-
ever, resonant tunneling of electrons and holes gives rise
to negative cross-correlations, and the total crossed noise
vanishes.
In this letter, we focus on the physics of coupling a pair
of MBS at the ends of a wire to leads via resonant quan-
tum dot (QD) levels in the Coulomb blockade regime,
see Fig. 1. As demonstrated in recent experiments30–32,
the QDs suppress LAR. Due to the finite wire length,
the MBSs are tunnel coupled to each other and have an
energy splitting M ∼ ∆exp(−L/ξSM ), where ξSM is the
coherence length in the semiconductor. Whenever one
of the dot levels is aligned with the chemical potential
of the superconductor, an MBS forms on that dot at ex-
actly zero energy33, even for M finite. Hence, the MBSs
at the ends of the wire are effectively uncoupled, and
no CAR can be observed. When tuning the dot levels
away from the chemical potential of the superconduc-
tor, the coupling between MBSs is restored. In addition,
negative cross-correlations due to resonant tunneling are
suppressed, and CAR becomes visible in positive current
cross-correlations. Thus, the crossed current correlator
provides a clear signature of non-local transport through
a pair of MBS in the form of a four-leaf clover feature
as a function of L and R, observable best in the regime
of of level broadenings ΓL,ΓR  M . These findings
are in excellent agreement with results for a microscopic
model of a spinless p-wave SC34, persist in a more re-
alistic model with several transverse channels, and are
robust against addition of disorder. We stress that the
mechanism leading to cross-correlations ∝ (e2/h)2M/Γ is
a finite energy splitting M , and not phase coherent elec-
tron teleportation as discussed in35. We note that the
crossed noise in a similar system was recently studied in
Ref.7 within the diagonalized Master equation approach.
There, it was found that the crossed noise stays finite in
the limit M → 0, different from our finding that it is
proportional to 2M and thus vanishes. For a discussion
of reasons for this disagreement see37.
Model system.— We consider the Hamiltonians
HD =
∑
i=L,R
(
id
†
idi + gid
†
iψi + g
∗
i ψ
†
i di
)
, (1a)
HM = M iγLγR +
∑
i=L,R
(
t∗i d
†
iγi + tiγidi
)
, (1b)
HS = ∆
(
d†Ld
†
R + dRdL
)
. (1c)
Here, HD describes two QDs coupled to leads, where di
annihilates an electron with energy i on dot i, ψi an-
nihilates a lead electron, and gi is the lead-dot coupling
strength. The lead electrons are characterized by their
density of states ρi, which is assumed to be energy inde-
pendent, and have a chemical potential eV . We consider
the regime where the QD single particle level spacingδ
satisfies δ > eV > kBT . We assume that the spin degen-
eracy is lifted by an external magnetic field, and that the
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FIG. 1. (color online) Schematic setup for a system with a pair
of Majorana bound states (red dots) coupled to quantum dots
which themselves are coupled to lead electrodes. The leads
are biased with the positive chemical potential eV . Crossed
Andreev reflection can be detected by correlating the currents
IL and IR that flow into the SC nanowire via MBSs. The
nearby s-wave SC also induces a proximity pairing ∆ between
the dots.
QD ground state has an even number of electrons. Then,
Kondo physics is absent, and in the Coulomb blockade
regime inclusion of only a single dot level in HD is jus-
tified. HM describes two MBSs with an energy splitting
M coupled to the dots. The MBSs are described by her-
mitian operators γi = γ
†
i , which have anti-commutators
{γi, γj} = 2δi,j , and are coupled to QD i with ampli-
tude ti. The chemical potential of the SC wire hosting
the MBS is zero. HS describes an additional proxim-
ity induced pairing between the dots with an amplitude
∆ ∼ γS sin(kFL)exp(−L/ξSC)/(kFL)21, where γS is the
normal-state QD level broadening due to the coupling
between SC and QD, kF the Fermi momentum, L the
length, and ξSC the coherence length of the SC. We have
in mind that this term may mainly be due to a coupling
between the dots and the s-wave SC in a hybrid struc-
ture.
We diagonalize the Hamiltonian for MBSs and QDs
without lead coupling by solving the corresponding
Bogoliubov-de Gennes equation hΨ = (ID+ 12 IM )Ψ with
h =

0 iM tL 0 −t∗L 0
−iM 0 0 tR 0 −t∗R
t∗L 0 L 0 0 ∆
0 t∗R 0 R −∆ 0
−tL 0 0 −∆ −L 0
0 −tR ∆ 0 0 −R
 (2)
in the basis {γL, γR, d†L, d†R, dL, dR}. Here, ID (IM ) de-
note the identity matrix in the dot (Majorana) space. In
the case ∆ = 0, the QP energy spectrum has levels at
2M , R, and L, with avoided crossings where these lev-
els intersect each other. If one of the dot levels resides at
the chemical potential of the SC, e.g. L = 0, we always
find one zero-energy state described by the Majorana op-
erators
γ1 =
t∗Ld
†
L + tLdL
|tL| , (3)
γ2 =
2|tL|(t∗Rd†R + tRdR − RγR) + i M R|tL|
(
t∗Ld
†
L − tLdL
)√
2R
2
M + 2|tL|2(2R + 2|tR|2)
.
(4)
Here, γ1 is localized on the resonant dot, while γ2 is
partially delocalized, and the weight of γ2 on the res-
onant dot is determined by the energy R of the non-
resonant level. In particular for L = R = 0, we find
γ2 = (t
∗
Rd
†
R + tRdR)/|tR|38. These induced zero-energy
states are topologically not protected and acquire a finite
energy LRM/2|tLtR| for LR 6= 0.
To compute the zero-frequency noise through the
above normal-SC-normal (NSN) system, we use a scat-
tering matrix approach which also allows for Andreev
reflection processes39. This yields the current and the
noise correlators
Ii =
e
h
∫
d
∑
α
sign(α)
∑
k;γ
A
(iα)
k,k;γ,γnk,γ , (5)
Sij =
2e2
h
∫
d
∑
α,β
sign(αβ)
∑
k,l;γ,δ
A
(iα)
k,l;γ,δA
(jβ)
l,k;δ,γnk,γ(1− nl,δ),
(6)
where Greek indices denote electron (e) and hole (h)
channels, sign(e) = +1 and sign(h) = −1, Latin indexes
denote the left (L) and right (R) lead, and
A
(iα)
k,l;β,γ = δikδilδαβδαγ − sαβ∗i,k sαγi,l . (7)
The reservoir distribution functions nk,γ are Fermi func-
tions with different chemical potentials for the electron
and hole bands nk,γ = 1/
(
1+exp(β(−sign(γ)eVk)). For
the setup Fig. 1, VL = VR ≡ V . The coefficients sα,βi,j are
the elements of the S-matrix
S() = 1− 2piiW †
[
 ID +

2
IM − h+ ipiWW †
]−1
W,
(8)
where W describes the coupling between the states of
the system without leads and the scattering states in the
leads, and [(ID + 12 IM )−h+ ipiWW †]−1 is the retarded
electron Green function for the closed system with self-
energy ipiWW †. The coupling matrix W in the lead basis
{ψ†L, ψ†R, ψL, ψR} is given by
Wilαil ,idαid = sign(αid)gil
√
ρilδil,idδαil ,αid , (9)
where αid (αil) denotes the particle species of QD id (lead
il). The coupling strengths gi give rise to the level broad-
ening Γi = 2piρi|gi|2 in the dots. In the following, we
consider the case ΓL = ΓR ≡ Γ, tL = tR ≡ t, and take
the limit of zero temperature.
Weak dot-lead coupling.— We begin our analysis in the
regime ∆ = 0 and Γ < t < M . In Fig. 2, both differ-
ential conductance and crossed current correlator SLR
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FIG. 2. (color online) Current cross-correlator SLR in the
weak dot-lead coupling regime with Γ = M/4, t = 0.8M ,
and ∆ = 0. The lines for panel (b) are defined in (a), those
for panel (c) in (d). The markers denote the results for the
spinless SC model with M = 0.01 meV and Γ = 0.002 meV.
are displayed as a function of bias voltage for several
characteristic points in the L-R-plane. The differential
conductance is peaked at the eigenenergies of Eq. (2).
The peak width is determined by the broadening Γ. If
one of the dot levels resides at the chemical potential
of the SC, we always find a zero bias peak with height
4(e2/h)/[1 + 2M (
2
R + Γ
2/4)/4|tLtR|2] in the differential
conductance due to the existence of the induced Majo-
rana states Eq. (4). Since the existence of a zero-energy
MBS implies a strongly reduced coupling between left
and right side of the wire, we find that these resonances
yield only a small contribution to the crossed noise de-
spite their large conductance.
In contrast, we do not find a zero-bias conductance
peak if both dots are non-resonant. In this regime, there
is a striking difference between symmetric (L = R) and
anti-symmetric (L = −R) positions of the dot levels.
In both cases, we find contributions to the conductance
and SLR due to the hybridization between the dots and
the MBS. However, in the anti-symmetric case both the
conductance and SLR are much larger than in the sym-
metric case, and additional resonances at the QD energies
contribute to crossed noise. This is due to the fact that
Cooper pairs have zero energy, which leads to a suppres-
sion of transmission through two resonant levels which
have both the same energy in the symmetric case, but
allows passage through QDs with opposite level energies
in the anti-symmetric case.
These findings agree very well with results for the
microscopic model of a spinless p-wave SC defined in
Eq. (10), see Fig. 2. The only small deviation in SLR
can be seen if both dots are resonant, where the effective
model has a small negative SLR for large bias voltage,
while it approaches zero for the microscopic model. This
deviation has its origin in the presence of an additional
transport channel due to a proximity coupling ∆ in the
microscopic model, which in principle could be described
by the Hamiltonian HS in Eq. (1c), but which is not in-
cluded in the effective model H = HM +HD considered
here.
Strong dot-lead coupling.— We consider the case t <
M  Γ and begin with the situation ∆ = 0. In Fig. 3(a),
the correlator SLR for M  eV = Γ/2 in the L-R-plane
is shown. It is characterized by a four-leaf clover feature
with a suppression of crossed noise along lines with either
L = 0 or R = 0, and peaks at |L| = |R| ≈ Γ/2. While
the peak height scales with 2M/Γ, the width of these
peaks is larger than the Majorana energy splitting due
to the large value of Γ. As before, the suppression of
the noise along L = 0 and R = 0 is mediated by the
formation of zero-energy Majorana modes by virtue of
the dot-MBS coupling, which corresponds to the case of
uncoupled MBSs.
The emergence of an approximate symmetry between
symmetric and anti-symmetric positions of the dot levels
(absent in the case Γ < t) can be understood as follows.
For large Γ, the dots are strongly coupled to the leads
and effectively become part of them. Hence, there are
no separate resonances at the positions of the QD levels
anymore, and only a single resonance due to the MBS in
the wire survives. Since t  Γ, the broadening of this
resonance is much smaller than Γ. As the QD levels can
neither resolve this small broadening of the resonance,
nor resolve the location of the resonance, the distinc-
tion between symmetric and anti-symmetric QD levels
becomes blurred, and the approximate symmetry arises.
The Majorana zero-energy state residing on one of the
dots for L = 0 or R = 0 however does not change its
character due to the presence of a large broadening Γ,
and the noise stays low in this case, giving rise to the
clover-like pattern in Fig. 3(a).
In Fig. 3(b), we complement these findings with re-
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FIG. 3. (color online) Current cross-correlator SLR for strong
dot-lead coupling. (a) Effective model with eV = Γ/2, t =
Γ/20, M = Γ/10, and ∆ = 0. (b) Spinless SC with M = 0.01
meV and Γ = 0.06 meV. For both (a) and (b), the pattern
changes little for larger eV .
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FIG. 4. (color online) Current cross-correlator SLR for eV =
Γ/2. The dots are coupled (a) via the SC proximity effect
with ∆ = Γ/10 and (b) via SC proximity effect and with
coupling to a pair of MBS with t = Γ/20, ∆ = Γ/20, and
M = Γ/10.
sults for the microscopic model Eq. (10), for which a
similar four-leaf clover structure emerges. However, sim-
ilarly to the weak dot-lead coupling regime, there are
small deviations with respect to the effective model near
L = R = 0, mediated by the SC proximity effect.
For finite temperatures T , the amplitude of the
symmetrically arranged peaks in the clover-like pat-
tern decreases and becomes negative while the anti-
symmetrically arranged peaks remain unchanged. Hence,
for kBT > Γ the pattern from Fig. 3(a) is modulated in
such a way that the peaks for symmetric dot levels be-
come negative of same height37.
To gain insight into the effect of an additional proxim-
ity term HS , we first discuss the situation without MBS,
H = HD + HS . In Fig. 4(a), the crossed current corre-
lator for the SC proximity case is shown. Here, SLR has
a single peak of height ∝ ∆2/Γ near L = R = 0, with
width Γ along the direction L = R, and width eV along
the direction L = −R. In contrast to the MBS case,
there is no additional structure in this peak.
In figure 4(b), we consider the combined Hamiltonian
H = HM +HD +HS . We find a four-leaf clover feature
similar to that in the Majorana only case, with the center
of this feature now having a peak due to the proximity
term in HS . From this, we conclude that the contribu-
tions from the proximity effect and the MBS mediated
CAR approximately add up. The relative peak heights
in the crossed current correlator reflect the ratio of ∆2
and 2M .
Microscopic model.— We complement our calculations
by the analysis of a microscopic model for a spinless p-
wave SC with Hamiltonian34,
HK = −
N−1∑
j=1
(
tKc
†
j+1cj+∆Kcjcj+1+H.c.
)
−µK
N∑
j=1
c†jcj ,
(10)
where the cj annihilate a spinless fermion on site j
with nearest neighbor hopping tK and nearest neighbor
pairing amplitude ∆K . This model describes the low-
energy physics of a nanowire in the topologically non-
trivial phase. In the numerical analysis, we use the pa-
rameters L = 1000 nm for the wire length, N = 200 sites,
tK = 20 meV, ∆K = 0.8 meV, and µK = 39.4 meV, sim-
ilar to the parameters used in40. These parameter values
yield the SC gap ∆SC = 0.3 meV and the Majorana en-
ergy splitting M = 0.01 meV. For the coupling of the op-
erators c1 and cN to the dots, we use tD,K = 0.025 meV.
The results for this model agree very well with those for
the effective model Eq. (1c), see Figs. 2 and 3. By intro-
ducing a finite wire width, we generalized this model to
multichannel p-wave SCs where the clover-like pattern re-
mains for transverse channel number N⊥ < 4pi vF∆SC√ξTSDΓ
37.
Here, vF is the Fermi velocity and TSD the wire-dot cou-
pling strength. For the parameters used in Fig. 3(b),
this yields the condition N⊥ ≤ 7. Furthermore, we find
that the clover-like pattern is robust against disorder of
strength . ∆SC37.
The Majorana energy splitting M is oscillating
as function of the chemical potential with periodic-
ity 2pivF /L when neglecting the long-range Coulomb
interaction41. Since the minima of M (µ) are zero,
the Majorana induced current cross correlations vanish.
Thus, the chemical potential can be used to switch the
crossed noise between the clover-like pattern [Fig. 3] and
the ellipsoidal pattern [Fig. 4]. In the experiment this
variation of the chemical potential can be realized by
applying a global gate voltage to the topologically non-
trivial sector of the nanowire.
Conclusion.— The non-locality of a pair of Majorana
bound states can be probed by crossed Andreev reflec-
tion, whose observation is facilitated when suppressing
local Andreev reflection with the help of two resonant
QDs. In the case of a weak coupling between QDs and
leads, we find a set of discrete transmission resonances.
When at least one of the QD levels is tuned to the chem-
ical potential of the superconductor, a zero-energy Majo-
rana state forms in the respective QD, which contributes
only weakly to crossed Andreev reflection. This feature
survives in the limit of strong dot-lead coupling, giving
rise to a clover-like modulation of crossed shot noise as a
function of QD energies, which is different from the single
peak found without Majorana states.
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SUPPLEMENTARY MATERIAL FOR “MODULATION OF MAJORANA INDUCED CURRENT
CROSS-CORRELATIONS BY QUANTUM DOTS”
A. Finite Temperatures
Here, we study the current cross correlations through
the dot-MBS-dot system for finite temperatures T . As
shown in Fig. 5(a), for kBT  eV the crossed noise shows
the characteristic four leaf clover-like pattern with equal
peak heights. With increasing temperature [Figs. 5(b)
and (c)] the amplitude of the symmetrically arranged
peaks in the clover-like pattern decreases and becomes
negative while the height of the anti-symmetrically ar-
ranged peaks remains constant. Here, we observe that
finite temperatures break the 90◦ rotation symmetry of
the cross-noise pattern. For kBT ≥ eV , the crossed
noise also shows a clover-like pattern, but now with neg-
ative height for symmetric and positive height for anti-
symmetric dot levels. We attribute the negative cross-
correlations for symmetric dot levels L ≈ R to resonant
tunneling of electrons and holes. For antisymmetric dot
levels L ≈ −R, this resonant tunneling is suppressed
and CAR with zero total Cooper pair energy is enhanced,
6giving rise to positive cross-correlations.
Above we found that for T = 0 the crossed noise is
significantly reduced when at least one of the dot levels
lies at the chemical potential of the superconductor. For
kBT ≥ Γ, this suppression becomes complete with van-
ishing crossed noise along the lines L = 0 and R = 0.
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FIG. 5. (color online) Finite temperature current cross cor-
relations SLR for strong dot-lead coupling with eV = Γ/2,
t = Γ/20, M = Γ/10, and ∆ = 0. (a) kBT = 0, (b)
kBT = Γ/10, (c) kBT = Γ/2, and (d) kBT = Γ.
B. Amplitude of the Cross Correlations
For zero temperature, we find the maxima of the
clover-like pattern at |L| = |R| = Γ/2 with amplitude
SMLR,max = 32pi
2e2
h
2M t
2
M
Γ3
(11)
with M , tM  Γ. This analytical result is exact for
zero temperature. However, for finite temperatures the
crossed noise is still proportional to the Majorana energy
splitting 2M which is also confirmed by the numerics in
Fig. 6 where we plot the MBS mediated cross noise as
function of M . In particular, we find that the cross cor-
relations vanish for vanishing Majorana energy splitting
independent of temperature.
For cross correlations induced by the standard super-
conducting proximity effect, we find for the case eV/Γ→
∞ a maximum along L + R = 0 with amplitude
SSLR,max = 4pi
2e2
h
∆2
Γ
(12)
with ∆ Γ. Thus, the current cross correlations vanish
for ∆ = 0 similarly to the MBS case.
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FIG. 6. (color online) Current cross-correlations SLR for
strong dot-lead coupling with eV = Γ/2, t = Γ/20, M =
Γ/10, ∆ = 0, and T = Γ as function of the Majorana energy
splitting M .
C. Transverse Channels
In the main part of this paper, we investigated the com-
petition between cross correlations mediated by the su-
perconducting proximity effect and MBS. In this section,
we study the effect of additional transverse channels N⊥
in the nanowire and estimate a critical channel number
for which the cross correlations induced by the proximity
effect and the MBS are equal. The coupling Hamiltonian
between a multichannel wire and a quantum dot can be
written as
HT = TSD
(
d†ψ(r = 0) + ψ†(r = 0)d
)
, (13)
where d (ψ(r = 0)) denotes the annihilation operator
for the dot (wire at site r = 0) and TSD the coupling
matrix element. We decompose the operator ψ(r = 0)
into MBS and delocalized states, ψ(r = 0) = γL/
√
2ξ +∑
k,n;Ek>0
ψk,n/
√
L where ψk,n denotes the operator for
an electron with transverse channel index n and longi-
tudinal momentum k. If the energy difference between
the subbands is larger than the superconducting gap, we
write the coupling Hamiltonian Eq. (13) as sum of the
coupling between the dot and the MBS and the coupling
between the dot and the Bogoliubov quasiparticles,
HT =
TSD√
2ξ
(
d†−d)γL+TSD√
L
∑
n,k;Ek≥∆SC
(
ψ†n,kd+d
†ψn,k
)
.
(14)
Hence, we find that the dot-MBS coupling strength
is tM = TSD/
√
2ξ and the dot-quasiparticle coupling
strength is tS = TSD/
√
L.
In the previous subsection, we determined the am-
plitude of the current cross correlations mediated by
MBS and the SC proximity effect. Using this re-
sult, we find that the relative strength of the Majo-
rana and the proximity induced cross noise is determined
by the ratio of Eqs. (11) and (12). There, the Majo-
rana energy splitting is M ≈ ∆SC sin(kFL)e−L/ξ/(kFL)
and the proximity induced pairing potential is ∆ ≈
ρSt
2
S sin(kFL)e
−L/ξ/(kFL) where kF denotes the Fermi
7momentum, ∆SC the SC gap, and ρS = N⊥L/2pivF the
normal state density of states of the nanowire [1]. With
vF denoting the Fermi velocity and N⊥ denoting the
number of partially occupied transverse channels, this
yields
SMLR
SSLR
=
( 4pivF∆SC
N⊥TSD
√
ξΓ
)2
. (15)
For observation of the clover like pattern in the current
cross-correlations, we demand that the MBS mediated
cross noise is larger than the one mediated by the su-
perconducting proximity effect, i.e. SMLR > S
S
LR. In this
way, we obtain the condition that
N⊥ < 4pi
vF∆SC√
ξTSDΓ
. (16)
D. Realistic Semiconductor Model
We consider the Hamiltonian describing a narrow
semiconductor nanowire with strong spin-orbit coupling
which is predicted to host Majorana bound states [2-5],
H =
∫
d2r
{∑
σ
ψ†σ(r)
(
− ~
2
2m
∇2 − µ+ EZσ
)
ψσ(r)
+ iα
∑
σ,σ′
ψ†σ(r)
(
σyσ,σ′
∂
∂x
− σxσ,σ′
∂
∂y
)
ψσ′(r)
+ ∆SC
(
ψ†↑(r)ψ
†
↓(r) + ψ↓(r)ψ↑(r)
)}
, (17)
where ψ†σ(r) creates an electron at r = (x, y) with spin
σ, m denotes the effective band mass of the electrons in
the nanowire, µ the chemical potential, EZ the Zeeman
energy due to an external magnetic field, α the Rashba
velocity related to the spin-orbit coupling, and ∆SC the
proximity induced s-wave pairing potential.
We use the realistic parameters ~2/2m = 500 meV ·
nm2, EZ = 1 meV, α = 10 meV · nm, and ∆SC =
0.5 meV [6]. For certain regimes of the chemical po-
tential, Hamiltonian Eq. (17) can be mapped onto the
spinless SC Hamiltonian Eq. (10) which we use in the
main part of this paper. The effective parameters used
in the main part are the result of such a mapping, us-
ing realistic parameters for InAs and InSb nanowires and
µ = 0. Without loss of generality, we assume spin po-
larized quantum dots with spin ↑ only. In our numerics
we consider a nanowire of length L = 520 nm and width
70 nm. For the above parameters, the superconducting
coherence length is ξ = vF /∆eff = 150 nm.
In the following, we study the current cross correlations
for different numbers of transverse channels and investi-
gate the effect of both disorder and small changes of the
chemical potential on the clover-like pattern found in the
main part of the paper.
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FIG. 7. (color online) Lowest quasiparticle energy of the semi-
conductor model as function of chemical potential µ.
1. Variation of the Chemical Potential
In this section, we consider the influence of small
changes of the chemical potential on the current cross cor-
relations. In Fig. 7, we plot the two lowest quasiparticle
energies for Hamiltonian Eq. (17). Here, a topologically
non-trivial phase exists in sectors with a sub-gap state of
energy M  ∆. This low-energy state corresponds to
two coupled Majorana bound states with energy splitting
M . Such a state always exists if an odd number of sub-
bands is partially occupied. As function of the chemical
potential the Majorana energy splitting oscillates with
period 2pivF /L and with energy minima of M = 0.
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FIG. 8. (color online) Current cross correlations SLR for
Γ = 0.04 meV, and TSD = 0.12 meV·nm1/2. (a) Clover-
like pattern for µ = 0.1 meV with M = 0.01 meV and (b)
elliptic pattern for µ = 0 meV with M = 0.001 meV.
In Fig. 8, we plot the current cross correlations for
two values of the chemical potential for which the Ma-
jorana energy splitting has a local maximum and a local
minimum. We find that the patterns in the current cross
correlations are very different in the two cases, with a
clover-like pattern for M 6= 0 and an ellipsoidal pat-
tern for M = 0. This is in full agreement with our
findings that the Majorana induced current cross corre-
lations are proportional to 2M . Thus, we conclude that
small variations of the chemical potential can be used as a
tool to switch between different patterns of current cross-
correlations. Such a switching mechanism does not exist
in the topologically trivial phase and is thus a signature
for Majorana bound states with oscillating Majorana en-
8ergy splitting. The change of the chemical potential can
be realized by applying a global gate voltage. An alter-
native route to demonstrate the oscillations is a change
of the magnetic field which gives rise to oscillation of pe-
riodicity ωB = 4pivF /gµBL.
Above we have discussed that the proximity induced
pairing oscillates as function of kFL which changes when
changing the chemical potential. However, for the stan-
dard proximity coupling in semiconductor nanowires we
do not find a unique Fermi momentum because of the
spin-orbit coupling. Thus the oscillation of the proxim-
ity induced pairing potential is smeared out and we al-
ways find a non-zero contribution of the superconducting
proximity effect to the crossed noise.
ε R
/Γ
 
 
εL/Γ
−2 0 2
−2
0
2
εL/Γ
ε R
/Γ
 
 
−1 0 1
−1
0
1
0
0.2
0.4
0.6
0.8
1
0
0.2
0.4
0.6
0.8
1
(b)(a)
SLR[64piεM
2 t2e2/hΓ3] SLR[64piεM
2 t2e2/hΓ3]
FIG. 9. (color online) Current cross correlations SLR for
Γ = 4M , and TSD = 4
√
10M nm
1/2. (a) Three-band semi-
conductor of width 70 nm with µ = 4.1 meV and (b) five-band
semiconductor of width 90 nm with µ = 6.1 meV.
2. Multiband Systems
Due to the finite extension of the nanowire in y-
direction, we expect to find a multi-band system where
the bands have a separation of several meV. For an even
number of occupied transverse channels, the wire is in
the topologically trivial phase, i.e. the Majorana bound
states are absent and thus we find a single ellipsoidal
cross-noise pattern similar to the one in Fig. 4 of the
main part of this paper where we studied the current
cross correlations through a pair of quantum dots with
superconducting pairing. For an odd number of occu-
pied transverse channels, the wire is in the topologically
non-trivial phase with Majorana end states. In Fig. 9,
current cross correlations are shown for µ = 4.1 meV
and width 70 nm which corresponds to the three-band
case and for µ = 6.1 meV and width 90 nm which cor-
responds to the five-band case. In both case, we still
find the characteristic four leaf clover-like pattern in cur-
rent cross-correlations, similar to the single-band case.
However, the amount of noise for L = R = 0 is in-
creased by a factor of ≈ 9 in the three-band system as
compared to the one-band case, as expected from the
estimate Eq. (15). This numerical finding confirms our
analytical result Eq. (15) that the clover-like pattern is
not restricted to the single-band wire and can also be
found in multi-band wires.
3. Electrostatic Disorder
In this section, we consider a spatially fluctuating
chemical potential with mean value µ0 and random vari-
ations δµ(r) with 〈δµ(r)δµ(r′)〉 = U2Vδ(r − r′). In
Figs. 10(a) and (b), we display the disorder averaged
current cross correlations for disorder strengths ∆SC/4
and ∆SC/2. We here averaged over 50 random disor-
der configurations, and find that the clover-like pattern
is robust with respect to electrostatic disorder.
In Figs. 10(c) and (d), we display the current cross
correlations for single characteristic disorder configura-
tions of strengths U = ∆SC/4 and U = ∆SC/2, respec-
tively. When comparing the cross-correlations for a ran-
dom configuration with the clean case, we find that elec-
trostatic disorder distorts the clover-like pattern and dis-
order averaging averages over distortions which restores
the clover-like pattern as shown in Figs. 10(a) and (b).
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FIG. 10. (color online) Current cross correlations SLR of the
single-band semiconductor model with µ0 = 0 for different
disorder strengths. Ensemble averaged cross noise for disorder
strengths (a) U = ∆/4 and (b) U = ∆/2. Crossed noise for a
characteristic disorder realization with (c) U = ∆/4 and (d)
U = ∆/2.
E. Relation to Previous Work
In the recent work [7] (short LLS in the following),
current cross-correlations in a setup similar to ours were
studied by using the diagonalized master equation ap-
proach in the sequential tunneling regime. In partic-
ular, for M = 0 finite current cross-correlations were
9found, in disagreement with our result that current cross-
correlations are proportional to 2M and should thus van-
ish in the limit M → 0. In the following, we discuss
possible reasons for this discrepancy.
The physical conditions under which the diagonalized
master equation approach is justified are (i) that the bath
correlation time is small compared to the relaxation time
of the dot-MBS-dot system, i.e. weak coupling between
the leads and the dot-MBS-dot system Γ  kBT , and
(ii) that the excitation energies ∆E within each parity
sector are large compared to Γ [8]. For M = 0, the
states with different parity are always degenerate, which
should be unproblematic since the coherent superposi-
tion between these states is unimportant for electronic
transport. However, for energies M = L = R = 0, LLS
find in their Eq. (16) an additional degeneracy of the two
lowest lying states in each sector, which is problematic
since it violates condition (ii). Thus, we conclude that
for the energy spectrum used by LLS the diagonalized
rate equation approach is not appropriate in the vicinity
of this point.
Nonetheless, if one forgoes the question of whether
the diagonalized master equation approach is applicable,
we can compare the single-particle energy spectrum we
find by solving the Bogoliubov-de Gennes (BdG) equa-
tions with the many-particle energy spectrum discussed
by LLS when diagonalizing the Hamiltonian in the eight-
dimensional many-body Fock space. Since parity is a
good quantum number for the isolated dot-MBS-dot sys-
tem, it is possible to decompose the Fock space into
two four-dimensional subspaces with even and odd par-
ity, and to diagonalize the Hamiltonian in each subspace
separately. Then, the ground state is given by the vec-
tor with lowest energy, and the parity changing excita-
tions are described by many-body wave functions with a
parity different from that of the ground state. In par-
ticular, for M = L = R = 0 and |tL| = |tR| = t,
LLS find in their Eq. (16) that the states for even and
odd parity are degenerate, and that each sector has en-
ergies {−√2t,−√2t,√2t,√2t}. Thus, the excitation en-
ergies for parity changing excitations of the ground state
are {0, 0, 2√2t, 2√2t}. In contrast, in our manuscript
we use the BdG formalism to diagonalize the Hamilto-
nian. The BdG formalism is a single-particle formalism
based on the single-particle Schro¨dinger equation and de-
scribes quasiparticle excitations above the ground state.
Since the BdG formalism doubles the physical Hilbert
space, only three out of the six eigenvalues obtained by
diagonalizing the Hamiltonian Eq. (2) are independent
solutions. Excited states can be constructed by adding
one quasiparticle (three possible states), two quasiparti-
cles (three possible states), or three quasiparticles (one
state). Thus, together with the ground state, these states
span an eight-dimensional Fock space, in agreement with
LLS. Using the BdG formalism, we find for parameters
M = L = R = 0 the single-particle excitation energies
{0, 2t, 2t}, and as a consequence the three-particle exci-
tation energy 4t. Thus, the energy difference between
the many-body ground state and parity changing excited
states should be {0, 2t, 2t, 4t}, different from the exci-
tation spectrum obtained above by using the energies
of LLS. This discrepancy in the energy spectrum casts
additional doubt on the results of LLS and their inter-
pretation. In addition, even when using the correct en-
ergy spectrum, there exist degeneracies between excited
states within each parity sector for the choice of param-
eters |R| = |L|, where the current cross-correlations are
strongest. Therefore, it seems that the applicability of
the diagonalized rate equation approach to the dot-MBS-
dot system is limited.
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